W
hen an mRNA sequence is translated into protein by the ribosome, the nucleotide sequence is read in codons of three nucleotides and hence the mRNA in principle has three reading frames. In the vast majority of mRNAs, only one reading frame, defined by the initiation codon, is exploited and translated into protein. The elongation phase of protein synthesis is a precise process and intrinsic mechanisms exist in the ribosome to enhance translational fidelity (1, 2) . The frequency of frameshift errors has been estimated to Ͻ3 ϫ 10 Ϫ5 (3, 4) . However, many examples of naturally occurring and highly efficient programmed frameshift sites have been described (5, 6) . There is considerable interest in how ribosomal frameshift occurs, as this may provide insight into mechanisms behind reading frame maintenance, tRNA movement, and unwinding of mRNA secondary structures by ribosomes. Typically, a Ϫ1 frameshift site comprises two elements, a slippery sequence, X XXY YYZ, where the frameshifting occurs, and additionally, a stimulatory RNA element positioned downstream in the mRNA (7) . Frameshifting is thought to happen by dual tRNA slippage. In the original zero reading frame, the P-site tRNA and the A-site tRNA pair to codons XXY and YYZ, respectively, whereas after the shift to the Ϫ1 frame they pair to XXX and YYY. At the new position, the tRNAs remain paired to mRNA at the two most upstream XX and YY nucleotides in each codon.
Examples of stimulatory elements include downstream self pairing mRNA sequences called mRNA pseudoknots (Fig. 1) . The requirement for these elements to function is a placement at a proper distance from the slippery sequence. In many viral frameshift sites, the stimulatory element is a pseudoknot positioned 6-9 nt downstream of the slippery sequence.
The mechanism of frameshift stimulation by pseudoknots is not well understood. Involvement of protein factors binding to the mRNA seems unlikely because, in a competition experiment, addition of excess RNA pseudoknots did not affect frameshift efficiencies (8) . Furthermore, that many pseudoknot-stimulated programmed frameshifts function in heterologous organisms from different kingdoms of life makes it unlikely that the function requires transacting factors. It has been suggested that the stimulatory structure pauses the ribosome while the slippery sequence is positioned in the decoding site of the ribosome, thus increasing the chance of tRNA slippage (9) . However, the data from measurements of ribosomal pausing with pseudoknots, mutated pseudoknots, and related stem-loops support the view that pausing alone cannot mediate frameshifting and that additional events are required (10, 11) . The programmed frameshift in infectious bronchitis virus (IBV) has been investigated, and it was found that pseudoknots, but not similar stem-loop structures, stimulate efficient frameshifting (10) .
As shown in Fig. 1c , a pseudoknot can be viewed as a stem-loop where nucleotides in the loop form a second stem with downstream mRNA. This may lock or decrease the rotational freedom of the first stem, and hence induce supercoiling while the ribosome unfolds the first stem. Experimental data support a role for torsional restraint in positioning the ribosome to pause with the slippery sequence in the A-and P-site when unfolding pseudoknots (12) . This model makes it clear that an optimal spacing of 6-9 nt between slippery sequence and pseudoknot is crucial and positions the pseudoknot close to the entrance of the mRNA tunnel of the ribosome.
Recently, the ''9 Å model'' was suggested for the mechanism of frameshift stimulation (13) . Structural studies have revealed a 9-Å movement by the anti-codon loop of the aminoacyl-tRNA between the state of initial binding and the fully accommodated position (reviewed in ref. 14) . It is expected that the codon::anti-codon bound mRNA is pulled a similar distance further into the ribosome (13) . The authors suggested that a downstream mRNA pseudoknot would provide resistance to this movement by becoming wedged into the entrance of the ribosomal mRNA tunnel. These two opposing forces result in the creation of a local region of tension in the mRNA between the A-site codon and the mRNA pseudoknot. The tension can be relieved by one of two mechanisms: unwinding of the pseudoknot, allowing the ribosome to move forward, or slippage of the proximal region of the mRNA backwards by one base. Even if it slips backwards one base, then still, afterward, it will have to unwind the pseudoknot to move forward.
In this model, the stability of pseudoknots should play an important role in stimulation of frameshift. Of course, one crucial question is how ''stability'' is defined. A correlation has not been found between the frequency of frameshifting and the difference in Gibbs free energy between folded and unfolded pseudoknots measured from UV optical melting profiles (15) . When the pseudoknot is opened by a ribosome, the action might not be thermodynamically reversible i.e., the work performed by the ribosome might be larger than ⌬G, and some fraction of the work might be dissipated irreversibly.
In an attempt to simulate the action of a ribosome, we mechanically unfold the pseudoknot using optical tweezers. By applying a load on the structure, it is forced to unfold. This type of experiment is similar to previous studies on RNA hairpin folding (16, 17) . The pseudoknots are unfolded at a nonzero force-loading rate and, hence, in general, do not unfold or refold through an equilibrium process. Here, we first determine the degree of frameshift stimulation effected by two pseudoknots, then focus on the mechanical unfolding and refolding events for the two different pseudoknots and for a control RNA. From the unfolding mechanics, the energetics of the process are considered. Finally, we show how the rates of frameshifting for the two investigated pseudoknots correlate with the mechanical stability of the pseudoknots.
Results
Description of Frameshift Sites. In this work, we investigated an artificial site of programmed ribosomal frameshift resembling that of IBV, which have been studied extensively by Brierley and coworkers (10, (18) (19) (20) . As a typical natural Ϫ1 frameshift site, our site includes a slippery sequence and a stimulatory element, which in this case is a 3Ј pseudoknot (Fig. 1) . The slippery sequence we used was UUUAAAG rather than UUUAAAC found in IBV, because XXXAAAG is found to be a more efficient slippery sequence in Escherichia coli (7), the organism we used for the measurements of in vivo frame shift efficiencies.
The choice of model pseudoknot was inspired by the work of Napthine et al. (20) . They measured frameshift efficiencies in rabbit reticulocyte extracts of a series of IBV-derived pseudoknots with different lengths of stem1 sequences. Remarkably, frameshift efficiencies decreased 7-fold when the length of stem1 was reduced from the wild-type length of 11 bp to 10 bp. However, when the Napthine et al. (20) performed a structure probing analysis, both RNAs formed pseudoknots and appeared indistinguishable in conformation. Also, the predicted ⌬G for stem1 of the wild-type IBV and IBV-derived pseudoknots with 11 bp and 10 bp stem1 did not correlate with the differences in frameshifting efficiency (20) . In this work, we chose to compare two IBV-like pseudoknots with 11 bp and 10 bp in their stem1 (see Fig. 1 and Materials and Methods). For those two pseudoknots, we examined the frameshift efficiency in vivo and the mechanical stability in single molecule experiments. Rather than using the exact same structures as Napthine et al., the pseudoknots in this work have longer loop2 sequences, as in the wild-type IBV pseudoknot. Apart from making our experiments closer to the wild-type situation, this also increased the difference in length for folded and unfolded pseudoknots for easier spatial detection.
Pseudoknot Stimulated Frameshifts in E. coli. Three plasmid constructs were made for measurements of frameshift efficiencies. All three encode the slippery sequence and a 6-nt spacer (Fig.  1 ). This sequence is followed by either a pseudoknot with 11 bp in stem1, a pseudoknot with 10 bp in stem1, or no pseudoknot as a control. The shortest pseudoknot is henceforth named ''PK400,'' the longer pseudoknot is named ''PK401,'' and the control is named ''PK421.'' DNA oligonucleotides encoding these elements were inserted in the end of an orf that originates from bacteriophage T7 gene10 (see Materials and Methods). Translation of the gene10 orf and the slippery sequence without frameshift will lead to termination at a UAA stop codon in the spacer between slippery sequence and the pseudoknot. The result is the release of a 28-kDa termination product. If the ribosomes shift to read the Ϫ1 frame at the slippery sequence, the UAA stop codon is out of frame, and translation continues through the pseudoknot and into a lacZ orf. The Ϫ1 frame shift allows continuous translation to the end of the lacZ orf and results in a 147-kDa frameshift product. The relative amounts of termination and frame shift products were used to estimate the frameshift frequencies. The proteins were metabolically labeled by addition of [ 35 S]methionine in pulse-chase experiments with cultures of E. coli expressing the individual constructs (see Materials and Methods). After harvesting the cultures, the proteins were separated by gel electrophoresis and visualized by autoradiography (Fig. 2) . Prominent bands corresponding to the termination and frameshift products were identified by comparison of proteins harvested from IPTG-induced and uninduced cultures. IPTG is a specific inducer of transcription from the ptac promoter driving the expression of the plasmid encoded hybrid T7 gene10::lacZ gene fusions. The presence of the frameshift products in cultures of PK400 and PK401 indicates efficient ribosomal frameshift with the pseudoknots encoded in the construct. However, for the control culture, containing the gene fusion without a pseudoknot, only the shorter termination product could be detected thus confirming the dependency of frameshifting at slippery sequences on the presence of stimulatory pseudoknots. The frameshift frequencies were quantified by measuring the relative amounts of frame shifted and terminated proteins in the individual lanes (see Materials and Methods). We found that the PK401 construct, encoding the pseudoknot with an 11-bp stem1, as in the wild-type IBV pseudoknot, gave the highest frequency of frameshift, namely 14 Ϯ 1.5% (mean Ϯ SEM). The pseudoknot with the shorter 10-bp stem1 yielded 5.9 Ϯ 0.40% frameshift, a Ͼ2-fold reduction caused by a difference by a single base pair in stem1. The PK421 control construct, which does not contain a pseudoknot, yielded a frameshift frequency below our detection limit of Ϸ0.5% frameshift.
Mechanical Unfolding and Refolding of Pseudoknots. The mechanical unfolding of pseudoknots was performed with an optical trap by exerting a stretching force on individual mRNA molecules containing the structure-forming sequences.
Tethers of RNA pseudoknots PK400 or PK401 with DNA handles were formed (see Materials and Methods) with one end of the tether specifically attached by a biotin-streptavidin bond to a bead held by an optical trap while the other end of the tether was specifically attached by a digoxygenin-antidigoxygenin bond to another bead held by a micropipette (Fig. 3) . The optical trap and the detection system has been described (21, 22) and were used to measure the forces acting on the bead in the trap. The optical tweezers exert a harmonic force, F trap , on the trapped particle, F trap ϭ k trap x, where x is the deviation from the equilibrium position and k trap is denoted the trap stiffness. For the positions visited by the bead in the trap, k trap can be considered constant and found by proper calibration (22, 23) . Hence, with x measured F trap is also known. During a stretching or relaxing experiment, the trap was stationary while the micropipette was moved by a piezo electric stage. Several cycles of stretching and relaxing were performed for each molecule. Fig. 4 shows typical force-extension curves from stretching and relaxing cycles of the two pseudoknots PK400 and PK401 as well as of the PK421 control. However, the stretching-relaxing curves can have quite different appearances, and more curves are shown in supporting information (SI) Figs. 6 and 7. For PK400, the rip-data presented stems from 32 stretching curves and for PK401 100 rip events were analyzed. For both PK400 and PK401, a sudden elongation of the molecules is observed in the stretching curve at 31 Ϯ 1.9 pN and 39 Ϯ 1.5 pN (mean Ϯ SEM), For the constructs encoding pseudoknots, PK400 or PK401, induction leads to synthesis of two proteins (see arrows): one protein from ribosomes terminated at the zero frame stop codon, which follows the slippery sequence, and another protein from ribosomes which frameshifted to the Ϫ1 frame. Only the termination product is detected for the construct with no pseudoknot, PK421. Percent frameshift is given above each lane. respectively, corresponding to an unfolding of the pseudoknot. The distributions of unfolding forces are shown in Fig. 5a . Henceforth, this sudden elongation will be termed a rip. A Student's t test showed that the rupture force of PK400 is significantly lower than the rupture force of PK401. At the loading rate used (Ϸ10 pN/s), the variation in unfolding forces was relatively broadly distributed with standard deviations of 10 and 15 pN for PK400 and PK401, respectively. We used only two criteria to determine whether the structure being stretched was, indeed, an RNA tether containing a pseudoknot; however, other criteria were also tested (see Materials and Methods). The final numbers of the average unfolding forces depended slightly on the chosen criteria, but regardless of the criteria used, the unfolding force of PK400 was always significantly lower than the unfolding force of PK401.
Most often, only one rip is observed in the stretching and relaxing curves, thus indicating that the pseudoknots seemed to unfold in a single step. Only in 4 of the 32 analyzed stretching traces originating from PK400 a close inspection of the force versus time traces shows an intermediate state ( SI Fig. 6 ). For these traces, it is noteworthy that, consistently in all data sets, the first unfolding part is longer (12 nm Ϯ 2.4 nm) than the second (9 nm Ϯ 2.8) (mean Ϯ SD), although the difference is not statistically significant. None of the 100 analyzed traces from unfolding of PK401 showed an intermediate state.
Qualitatively, the relaxation curves differ substantially. For both pseudoknots, we grouped the relax traces into five categories, depending on how the relax curve fitted with the corresponding stretching curve: (i) One clear re-folding transition, (ii) one smaller refolding event plus a gradual refolding (SI Fig. 7a ), (iii) two clear refolding events (SI Fig. 7b ), (iv) only gradual and slow refolding (SI Fig. 7c) , and (v) none of the others. The distribution of relaxation curves into these categories is given in Table 1 .
Clearly, the category iii in Table 1 shows that in a substantial fraction of the refolding traces, there are two distinguishable events. For PK401, these two distinguishable events happen at 9 Ϯ 4 pN and 19 Ϯ 4 pN (mean Ϯ SD), respectively. This might originate from a two step refolding of the pseudoknot, folding, e.g., stem 1 first and then stem 2. The refolding data from PK400 was too sparse to allow for a similar analysis of the forces.
Rip Lengths. Fig. 5b shows the distribution of riplengths during unfolding of the pseudoknots. The mean rip lengths were 17 Ϯ 1.2 nm for the PK400 and 21 Ϯ 1.0 nm (mean Ϯ SEM) for the PK401 pseudoknots. These values are also given in Table 2 in the R exp column. A Student's t test shows that these numbers are significantly different.
Because the standard worm like chain (WLC) model (24) only holds for the forces below 10 pN, the extensible worm like chain (EWLC) model inspired by Odijk (25) was used in this analysis. According to the EWLC model, the force-extension relation can be written as (26)
where k B , T, K, L P , x, and F are Boltzmann constant, absolute temperature, stretch modulus, persistent length, end to end distance, and stretching force, respectively. A theoretical estimation of rip length was calculated from Eq. 1, setting the stretch modulus K to 1 nN (26), the persistence length L P to 1 nm (27) and the contour length of single-stranded RNA L to 0.59 nm/nt (27) . The original spatial extension of the pseudoknots was calculated by approximating their 3D structure as helixes of 16 and 17 bp with a rise of 0.28 nm/bp as in a canonical RNA A-helix (28) . The pseudoknots and RNA/DNA duplex handles are much stiffer than the rest of the structure and were treated as nonelastic. Based on these approximations, the predicted rip lengths, R theory , are 27.8 and 30.1 nm for pseudoknots PK400 and PK401, respectively. Thus, the observed rip length is substantially shorter than the predicted rip length.
Discussion
In this work, two pseudoknots, differing only by 3 nt, have been compared by single-molecule stretching experiments and a ribosomal frameshift assay in living cells. The pseudoknots efficiently stimulated frameshift in vivo with a 2-fold difference in frequency. It seems reasonable that frameshifting efficiency does not depend on the pseudoknot only, but also on the primary sequence and the context, e.g., the slippery sequence, the spacing, and the translation system including ribosomes and tRNAs. Thus, a 7-to 8-fold difference was observed when a set of pseudoknots, resembling PK400 and PK401, was tested by in vitro translation in a mammal (rabbit) reticulocyte lysate (20) .
In an attempt to mimic the action of a ribosome, RNA tethers including one of the two pseudoknots were mechanically unfolded using optical tweezers. The unfolding happened most often in a single step and the unfolding forces were found to be significantly different for the two pseudoknots. The pseudoknot giving rise to the highest degree of frameshifting (PK401) also demanded for the largest unfolding force. Hence, the unfolding force appears to correlate with the degree of frameshifting that the pseudoknot gives rise to. The ''looser'' pseudoknot, PK400, was seen occasionally (in 12.5% of the cases) to unfold through an intermediate step. The unfolding distances of the two steps were almost equal and in accordance with, for example, first the unfolding of stem2 and thereafter stem1. For PK401, the mechanically ''stronger'' pseudoknot, no similar intermediates were observed in the rip characterizing the unfolding. More often, the refolding traces, of both PK400 and PK401, showed intermediate steps.
The control molecule with no pseudoknots encoded was found to yield stretch and relax curves without rips but otherwise identical to the pseudoknot containing RNAs (Fig. 4) . Seen from a polymer physics point of view, the force-extension behavior of the control tether is nontrivial, as it consists of two DNA-RNA hybrid handles with a small section in the middle consisting of ssRNA (27 nt) . The contour lengths of the DNA-RNA handles are only a few times their persistence lengths, and hence, it does not make sense to fit worm-like chain or similar theories to this part of the data.
Thermodynamics. The total work of unfolding the pseudoknot was found from the experimental data as the area under forceextension curve at the unfolding region, the obtained values are given as W total in Table 2 . During the process, the pseudoknot is both unfolded and somewhat stretched by the applied force. W total includes both the irreversible and reversible parts of the work of the unfolding process as well as the work of stretching the single-stranded RNA segment at that particular force. This experimentally obtained total work can be compared with the theoretically predicted estimates of the free-energy cost of unfolding a pseudoknot plus stretching it; theoretical estimates of the change in free energy of unfolding the structures, ⌬G°t heory , were calculated by the pknotsRG algorithm (ref. 29 and http://bibiserv.techfak.uni-bielefeld.de/pknotsrg/), which works at 37°C and 1 M Na ϩ (results are shown in Table 2 ). The experimental conditions were somewhat different, namely, 20°C, 10 mM Tris⅐HCl (pH 7.5), 250 mM NaCl, and 10 mM Mg 2 Cl. A theoretical estimate of the work of stretching the unfolded RNA tether, W str,theory , from zero to it's extension at the unfolding force was calculated by integration of Eq. 1 with respect to extension (27) (see Table 2 for results). The ⌬G total,theory column of Table 2 shows the total energy, ⌬G°t otal,theory ϭ ⌬G°t heory ϩ W str,theory , which on theoretical grounds is expected to go into the unfolding and stretching process. Comparing ⌬G°t otal,theory to the experimentally obtained W total , it is clear that the latter is much larger, thus implying that a significant amount of the performed work is dissipated irreversibly under the unfolding/stretching process where the loading rate was Ϸ10 pN/s. It is striking that the measured W total (Table 2) is the only parameter in Table 2 that yields a difference between the two pseudoknots that is comparable to the 2-fold difference between the in vivo frame shifting effects of the same pseudoknots.
Models for Pseudoknot-Stimulated Frameshifting. The fact that the difference in unfolding forces correlates positively with frameshift frequencies for the two pseudoknots investigated is consistent with the 9 Å model of frameshift stimulation. This model builds on the possible resistance of the pseudoknot to unfold at its entrance into the mRNA channel of the ribosome. The pseudoknot is thought to block the translation pathway and force the ribosome to slip one base downstream at the slippery sequence to adapt to the physical obstacle. This step normally causes a 9-Å allosteric-induced movement in the ribosome upon GTP hydrolysis at the incoming ternary complex in the translational cycle (13) . Recently, this model has found support from structural cryo-electromicroscopic observations that interaction between a ribosome and a pseudoknot causes a deformation of the A-site tRNA (30) .
Indeed, the work we found necessary to unfold our pseudoknots by stretching (see Table 2 ) was much greater than the energy that can be obtained by hydrolysis of GTP into GDP ϩ Pi (Ϸ35 kJ/mol). Thus, we expect that unfolding the pseudoknot can be an energetic barrier to the movement of the ribosome, and that this is the reason why the frequency of frameshifting positively correlates to the mechanical strength of the tertiary structure. In comparison to a simple hairpin structure, the pseudoknot has lost its rotational freedom in the stem1 helix due to the ''locking'' via base pairing in stem2. This locking may cause a need for more base pairs to be broken simultaneously, probably in stem2, before the structure resolves. This process may involve ribosome associated RNA helicases (30, 31) at least in some organisms.
Opposed to the suggested pausing at pseudoknots, hairpin structures have been shown not to slow down ribosome movement in vivo (32) and unable to assist frameshifting in IBV (13) . Nevertheless, the downstream stimulatory structure in the E. coli dnaX frameshift is a hairpin, and a correlation between frameshift efficiency and the predicted strength (⌬G°) of different mutant hairpins have been found (34) . Presently, theoretical estimates of hairpin stability might be more precise than those of the more complex pseudoknots. Indeed, for a hairpin, ⌬G°v alues from reversible mechanical unfolding matched theoretical estimates (16) . Regardless of the extent and role of pausing in frameshifting, the results of Larsen et al. (34) support the finding that downstream mRNA structure strength correlates with the ability to stimulate frameshift on a slippery sequence.
Naptine et al. (20) investigated the effect on frameshifting on shortening the length of stem1 of a pseudoknot, and they found the frameshifting efficiency to be closely related to the length of this stem, if shorter than 11 bp, essentially no frameshifting was observed. Among other effects investigated (e.g., slippery sequence-pseudoknot spacing distance), they found the length of stem1 to be most important. This finding is in accordance with our observations, where we postulate that the mechanical stability of the pseudoknot, which is also determined by the length of, for example, stem1, is crucial for the degree of frameshifting.
In another class of frameshift-stimulating pseudoknots, the stem1 is as short as 5-7 bp. The function of these pseudoknots in frameshifting seems to depend on an extra loop2-stem1 interaction that facilitates a special kinked tertiary structure (19) . To our knowledge, it remains to be determined whether this extra loop2-stem1 interaction increases the physical strength of this particular class of pseudoknots. is the standard Gibbs free energy of unfolding the pseudoknot at 37°C in 1 M Na ϩ obtained from http://bibiserv.techfak.uni-bielefeld.de/pknotsrg/. Wstr,theory is the calculated work it takes to stretch the RNA tether from zero to the unfolding force using Eq. 1. ⌬Gtotal,theory ϭ ⌬G theory 0 ϩ Wstr,theory. Rtheory is the calculated change in length of the RNA tether during the unfolding process, and Rexp is the similar value experimentally measured. Wtotal is the area underneath the F Ϫ x curve during unfolding.
In conclusion, we find that two pseudoknots stemming from the frameshifting site in IBV and differing only in 3 of 68 nucleotides give rise to a factor of 2 difference in frameshifting frequencies. Unfolding the structure by optical tweezers shows that the two structures unfold at forces that are different; the pseudoknot giving rise to the lower degree of frameshifting is easier to unfold than the pseudoknot giving rise to the higher degree of frameshifting. This finding leads us to propose that the frameshifting efficiency of a given pseudoknot is correlated to its mechanical strength. In the future, this postulate should be supported with similar experiments on a variety of pseudoknots. Our observations and postulates are in accordance with the 9 Å model (13) and with the mechanical explanation of pseudoknot function suggested by recent cryoelectronmicroscopy observations (30) .
Materials and Methods
Plasmids and Frameshift assay. Plasmids encoding the sequences shown in Fig. 2 were made by inserting synthetic DNA oligomeres, containing the sequences, between unique HindIII and ApaI restriction endonuclease sites in pOFX302 (33) and verified by DNA sequencing.
The frequencies of ribosomal frameshifting were estimated in protein extracts from cells labeled in pulse labeling experiments. See SI Text.
Preparation of the Samples for Single-Molecule Experiments. RNA was synthesized in vitro by T7 RNA polymerase as recommended by the manufacturer (Promega). First, DNA templates for the RNA synthesis were produced by PCR. Plasmids pTH400, pTH401, or pTH421 served as template in the PCRs. Primers were TH412: ATAATTCGCGTCTGGCCTTC and TH414: TAATACGACT-CACTATAGGGAGAGTATACCTCTCAGTTGGGTG. The 5Ј end of TH414 contains the T7 promoter (underlined). Run-off RNA synthesis are expected to produce 939-, 942-, or 876-nt RNA strands from the three templates.
Upstream and downstream handles DNA were each synthesized by assymetric PCR. The downstream handle DNA had a digoxygenin group on its 5Ј nucleotide, and the upstream handle was labeled with biotin in its 3Ј end enzymatically (see SI Text for details). Handles were annealed to RNA by mixing approximately equal amounts of the nucleotide species in buffer R (10 mM Tris⅐HCl, pH 7.5/250 mM NaCl/10 mM Mg 2 Cl) or in 10 mM sodiumphosphate (pH 6.0), 250 mM NaCl, and 10 mM Mg 2 Cl. The mixture was heated to 65°C for 8 min and allowed to cool down to room temperature for Ͼ30 min. Annealed RNA and handles were stored at Ϫ70°C until usage. To bind the handle/RNA to beads, appropriate dilutions of the handle/RNA mixture and 2.1-m streptavidin-coated polystyrene beads (Bangs) were mixed and incubated for 1 h at room temperature with gentle mixing. The ratio of handle/RNA to 2.1-m beads was chosen so that no more than approximately four of the five beads would later form a tether (see SI Text) to the 2.88-m anti-digoxygenin-coated bead. This criterion insures a low likelihood of getting tethers of more than one handle/RNA molecule. After binding the RNA to the 2.1-m beads, the mixture was diluted in a dilution of 2.88-m antidigoxygenin-coated beads and transferred to the sample chamber for the microscope. Experiments were performed at 22°C.
Data Analysis. The stage signal was smoothed with a sliding window 3,000 data points wide, before the time series were averaged in 10-ms nonoverlapping windows. The force exerted on the bead in the trap and its position were calculated by using both coordinates of the quadrant photodiode, whereas the first point of the time series was defined as origin for the coordinate system. The change in tether length was calculated by subtraction of the movement of the bead in the trap from the stage movement.
Due to the short overall length of the tether, it is difficult by eye to decide whether an RNA tether is present between the two beads; if the beads are connected, this could also be due to the van der Waals attraction between them, caused by a polystyrene ''hair'' sticking out of one of the beads or simply some kind of dirt in the sample. To avoid ''false'' tethers/attractions between the beads in our data set, all data sets were subject to two filtering criteria: (i) The first part, i.e., the first 250 ms, of the force-extension curve needs to be flat (slope less than Ϯ 50 nm/s). This filter would remove tethers that were too short. (ii) The ''noise'' of the first part (250 ms), of the curve should not be zero, more precisely, traces for which the standard deviation was between 3.5 and 7 nm passed this filter. These criteria made sure that the cases where the two beads were attached to each other did not pass. Other filters were also tested (e.g., only using data showing rips, only using data where we had force measurements Ͼ70 pN), but regardless of how these criteria were chosen, the rupture forces of the two different pseudoknots were consistently significantly different. Thus, this is a very robust result. The presented data represent repetitive pulls of at least eight individual molecules of each of the pseudoknots PK400, PK401, or the control PK421.
